Mitogen-activated protein (MAP) kinase cascades are common signaling modules found in both higher and lower eukaryotic cells. A typical MAP kinase cascade is composed of three tiers of protein kinases, a MAP kinase (MAPK), a MAPK kinase (MAPKK), and a MAPKK kinase (MAPKKK) (27) . Yeast cells have several distinct MAP kinase cascades that transduce distinct extracellular stimuli (e.g., mating pheromone, high osmolarity, low osmolarity, and nitrogen starvation) (10, 19) . Budding yeast (Saccharomyces cerevisiae) responds to increases in osmolarity in the extracellular environment by activating the HOG1 MAP kinase cascade. This cascade is essential for the survival of yeast in high-osmolarity environments (4, 5) . Because a major outcome of the activation of this MAPK pathway is the elevated synthesis of glycerol, this pathway is referred to as the HOG (high-osmolarity glycerol response) pathway (2, 5) . Extracellular hyperosmolarity is detected by either of two transmembrane proteins, SLN1 and SHO1 (Fig. 1) .
SLN1 is a part of a complex regulatory system with homology to prokaryotic two-component signal transducers. The yeast two-component osmosensor is composed of SLN1, a transmembrane protein that contains an extracellular sensor domain and cytoplasmic histidine kinase and receiver domains, the intermediary protein YPD1, and the response regulator SSK1 (14, 15, 20) . The SLN1-YPD1-SSK1 two-component osmosensor works by a multistep phosphorelay mechanism (20) . The unphosphorylated form of SSK1 activates SSK2 and SSK22 MAPKKKs by binding to their N-terminal inhibitory domains (17) . Once activated, SSK2 and SSK22 phosphorylate the PBS2 MAPKK.
However, the SLN1-YPD1-SSK1 multistep phosphorelay is not the only osmosensing mechanism in yeast. Initially, this was revealed because, unlike highly osmosensitive hog1⌬ or pbs2⌬ mutants, neither ssk1⌬ mutants nor ssk2⌬ ssk22⌬ double mutants exhibited the expected osmosensitive phenotype. Thus, we conducted a mutant screening based on the assumption that simultaneous inactivation of SSK2, SSK22, and a gene involved in the alternative activation mechanism would create an osmosensitive (Osm s ) phenotype. Briefly, ssk2⌬ ssk22⌬ double mutants were mutagenized, and Osm s mutants were selected. This screening identified two genes (SHO1 and STE11) whose mutations were synthetically Osm s with ssk2 ssk22. SHO1 has four predicted transmembrane segments and a C-terminal cytoplasmic region that contains an SH3 domain. The SH3 domain binds a proline-rich motif in the N-terminal segment of the PBS2 MAPKK. This interaction is a requirement for the activation of the PBS2 MAPKK by the STE11 MAPKKK (13, 16) . Thus, PBS2 can be independently activated by two different upstream mechanisms: one involving the SLN1-YPD1-SSK1 two-component osmosensor that activates SSK2 and SSK22 MAPKKKs, and another involving the SHO1 transmembrane protein and the STE11 MAPKKK. Either SSK2, SSK22, or STE11 MAPKKK can activate PBS2 by phosphorylation. Once phosphorylated, PBS2 MAPKK activates the HOG1 MAPK, which induces diverse stress responses.
The mechanism by which SHO1 induces activation of STE11 is not clear. In particular, there remained the possibility that additional elements were required for signal transduction in the SHO1-STE11 branch of the HOG pathway. Therefore, we expanded the synthetic osmosensitive mutant screening to apparent saturation. Thus, we found that in addition to the previously revealed SHO1 and STE11 genes, the STE50 gene is involved in the HOG pathway. Although STE50 was originally identified as a modulator of the pheromone response pathway, ste50 mutations had only moderate effects on mating signal transduction (21, 28) . In contrast, we demonstrate in this report that STE50 is absolutely required for the SHO1-STE11-mediated activation of the HOG pathway. Buffers and media. Tris-maleate buffer contains 50 mM Tris base, 50 mM maleic acid, 7.5 mM ammonium acetate, 0.4 mM MgSO 4 and 30 mM CaCl 2 (adjusted to pH 6.0 with NaOH). Buffer A consists of 50 mM Tris-HCl (pH 7.5), 15 mM EDTA, 15 mM EDTA, 2 mM dithiothreitol (DTT), 0.1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, and 5 g of leupeptin per ml. Buffer B consists of 50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , and 2 mM DTT. Phosphatase inhibitor cocktail consists of 10 mM NaF, 1 mM sodium pyrophosphate, 1 mM sodium vanadate, and 10 mM ␤-glycerol phosphate. Sodium dodecyl sulfate (SDS) loading buffer consists of 50 mM Tris-HCl (pH 6.8), 100 mM DTT, 2% SDS, 0.1% bromophenol blue, and 10% glycerol. YPD medium contains 10 g of yeast extract, 20 g of tryptone, and 20 g of dextrose per liter. YPGal medium contains 10 g of yeast extract, 20 g of tryptone, and 20 g of galactose per liter.
MATERIALS AND METHODS

Yeast
Isolation of osmosensitive mutants. Yeast strain TM252 (ssk2⌬ ssk22⌬) was mutagenized with N-methyl-NЈ-nitro-N-nitrosoguanidine (MNNG) as follows. TM252 cells were grown in YPD at 30°C to an optical density at 600 nm of 0.3, washed twice in Tris-maleate buffer (pH 6.0), and resuspended in 1/5 of the original volume in the same washing buffer (1) . Thirty microliters of 1-mg/ml MNNG solution in 10 mM sodium acetate buffer (pH 5.0) was added to 970 l of yeast cell suspension in a microcentrifuge tube, and the mixture was incubated at 30°C for 60 min. Cells were sedimented by a brief centrifugation and resuspended in 1 ml of 1% sodium thiosulfate solution (sterilized by filtration). After another centrifugation, cell pellets were resuspended in 5 ml of YPD and incubated at 30°C for 4 h. Glycerol was added to a final concentration of 30%, and aliquots were stored frozen at Ϫ80°C. Mutagenized cells were plated on YPD plates (ϳ500 colonies/plate). After incubation at 30°C for 2 to 3 days, colonies were replica plated onto YPD-1.5 M sorbitol plates. Both the master plates and replica plates were incubated at 30°C for another day or two. Mutants that failed to grow on sorbitol plates were recovered from the master plates. Single colonies were isolated and tested for osmosensitivity on sorbitol plates.
Plasmids. The yeast expression vector YCpIF16 (P GAL1 -hemagglutinin [HA] TRP1 ϩ CEN) allows the expression of HA fusion proteins under control of the GAL1 promoter (9) , and p426TEG1 (P TEF1 -glutathione S-transferase [GST], URA3 ϩ 2m) allows the expression of GST fusion proteins under control of the P TEF1 promoter (24) . Full-length and several mutant alleles of STE50 and STE11 were cloned into plasmids YCpIF16 and p426TEG1. Plasmid vectors for green fluorescent protein (GFP) tag (pJK50) and Myc 3 tag (p1148) were obtained from P. Silver. The tag sequences amplified by PCR were subcloned into pRS416 (URA3 ϩ CEN) and pRS415 (TRP1 ϩ CEN) (23) . A STE11 ⌬STE50BD mutant containing a deletion of the STE50 binding domain (STE5DBD; amino acids 74 to 152) was made by PCR and verified by DNA sequencing. Yeast expression plasmids for full-length STE50, the N terminus of STE50 (STE50-N; amino acids 1 to 166), and the C terminus of STE50 (STE50-C; amino acids 163 to 346) were constructed by using pYES2 (P GAL1 URA3 ϩ 2m) (Invitrogen). Quantitative mating assay. Cells were grown at 30°C to mid-exponential phase. Mutant strains to be tested (MATa) were mixed with a fourfold excess of an appropriate tester strain (MAT␣) and immediately filtered through nitrocellulose membranes. The membranes were placed on YPD plates and incubated at 30°C for 4 h to allow mating to proceed. The cells were then washed off the membranes and titrated on selective plates to determine the number of diploid cells formed. Mating efficiency was defined as the number of diploid cells formed divided by the number of experimental (MATa) haploid cells.
Two-hybrid analysis. The two-hybrid analysis was carried out essentially as described by Durfee et al. (6) , using pACTII (11) and pBTM116 (26) as the activation domain plasmid and the LexA DNA binding domain plasmid, respectively. Serial deletion constructs of STE11 and STE50 were prepared by using the Erase-a-Base system (Promega), PCR techniques, and standard DNA procedures. Binding domain plasmids carrying full-length or fragments of STE11 and pACTII plasmids carrying full-length or partial clones of STE50 were cotransformed into the L40 reporter strain. Transformant cells (ϳ5 ϫ 10 6 ) were spotted onto a YPD plate, and after 5 h at 30°C the cells were copied onto a nitrocellulose membrane. ␤-Galactosidase activity was visualized with the use of 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) as described elsewhere (26) .
In vivo coprecipitation assays. Cells were grown in the presence of 2% galactose to an optical density at 660 nm of ϳ0.5. Cells were treated with a brief osmotic shock (0.4 M NaCl for 5 min) before being harvested by centrifugation. Cells were suspended in buffer A and ground by using glass beads, and supernatant (extract) was prepared by centrifugation. Cell extract (750 g in buffer A plus 150 mM NaCl) was incubated with 50 l of glutathione-Sepharose beads overnight at 4°C. Beads were washed extensively with buffer A plus 150 mM NaCl, resuspended in loading buffer, and separated by SDS-polyacrylamide gel electrophoresis. Immunoblotting was done with anti-HA monoclonal antibody 12CA5 (Boehringer Mannheim) and an anti-GST monoclonal antibody (Pharmacia) together with ECL reagent (Amersham). When GFP-and Myc 3 -tagged STE11 (STE11-GFP and STE50-Myc) were coprecipitated, cells were grown in presence of glucose. Extracts were prepared as before, and STE11-GFP was precipitated by incubation overnight at 4°C with an anti-GFP polyclonal antibody (gift from P. Silver), followed by addition of 50 l of protein A-Sepharose (Pharmacia) for 1 h at 4°C. Samples were washed with buffer A plus 150 mM NaCl. Following SDS-polyacrylamide gel electrophoresis, immunoblotting was done with anti-Myc monoclonal antibody 9E10 (BabCO) or an anti-GFP polyclonal antibody.
GFP fluorescence microscopy. GFP was visualized without fixation using a Nikon Optiphot-2 equipped with a MicroMAX charge-coupled device (CCD) camera (Princeton Instruments). Images were taken at a magnification of 100ϫ and converted to Photoshop version 4.0 format (Adobe Systems).
RESULTS
Identification of additional elements required for SSK2/ SSK22-independent activation of the HOG1 MAP kinase cascade. As mentioned in the introduction, ssk1⌬ or ssk2⌬ ssk22⌬ strains are osmoresistant, whereas pbs2⌬ strains are highly osmosensitive. This would not be expected if SSK1 (the activator of SSK2/SSK22) and SSK2/SSK2 MAPKKKs are the only means of activating PBS2. Thus, it was predicted that there is an SSK2/SSK22-independent mechanism that can activate PBS2 upon osmotic shock. To identify the elements involved in the alternative osmosensing mechanism, we conducted a mutant screening by which we isolated osmosensitive mutants from a ssk2⌬ ssk22⌬ double-mutant strain (13, 16) . We identified two genes, those encoding the STE11 MAPKKK and the novel transmembrane protein SHO1, mutations of which, combined with the ssk2⌬ ssk22⌬ double mutation, causes an Osm s phenotype. It has been shown that STE11 can activate PBS2 MAPKK both in vivo and in vitro. It was also shown that the C-terminal SH3 domain of SHO1 binds PBS2. However, the mutant screening was probably not saturated, because only one mutant for each of SHO1 and STE11 was isolated.
Thus, to identify additional elements required for the SHO1-STE11 branch of the HOG pathway, an exhaustive screening was performed. The ssk2⌬ ssk22⌬ strain TM252 was mutagenized with MNNG as described in Materials and Methods; VOL. 18, 1998 STE50 IN THE HOG1 MAP KINASE PATHWAY 5789 then 200,000 mutagenized cells were grown on YPD plates and replicated onto YPD plates containing 1.5 M sorbitol. By comparing the master and the replica plates, we identified Osm s colonies. After single-colony isolation, those candidate mutants were tested again for osmosensitivity (i.e., inability to grow on YPD-sorbitol plates). Thus, 140 Osm s mutants were identified. In the next step, we identified the mutants of the already identified genes, namely hog1, pbs2, and sho1, by complementation analysis. As summarized in Table 1 , we obtained numerous strains with mutations of these three genes. STE11 mutants could not be directly tested by the complementation test, as they were sterile. However, these mutants could be identified by their sterility in the mating test and by subsequent complementation by an STE11-containing plasmid (Table 1). The seven sterile mutants isolated in this screening were defective in the STE11 gene.
The remaining Osm s mutants contained a number of distinct complementation groups. Of those, the largest number of mutants belonged to an unknown gene (X). Two additional complementation groups were identified as gpd1 and tat1 mutants, by complementation cloning. The GPD1 gene encodes glycerol-3-phosphate dehydrogenase, a key enzyme for the synthesis of the compatible osmolyte glycerol (2) . The TAT1 gene encodes a valine/tyrosine/tryptophan permease; it is likely that these amino acids also act as compatible osmolytes that maintain the osmotic balance (22) . X, GPD1, and TAT1 mutants do not affect the activation of the HOG1 MAPK, because immunoblot analysis of these mutants demonstrated that the HOG1 tyrosine phosphorylation (an indicator of the HOG1 activation) occurred as efficiently as in wild-type cells. Thus, these genes may be important for yeast osmoregulation but not in the activation of the HOG1 MAP kinase cascade itself. To identify mutations that are defective in HOG1 activation among the remaining mutants, we tested individual Osm s mutants by immunoblot analysis to see if they are capable of inducing HOG1 tyrosine phosphorylation after osmotic stress. Thus, we found three additional mutants (FOS-41, FOS-174, and FOS-226) that are defective in HOG1 phosphorylation. We isolated the genes that are responsible for their osmosensitivity by complementation using a genomic library. Characterization of the complementing genomic clones by mapping and partial sequencing revealed that they contained either the SSK2, SSK22, or STE50 gene. Figure 2A shows that the osmosensitivity of FOS-41 can be complemented by either SSK2, SSK22, or STE50 carried on a single-copy vector. Essentially identical results were obtained for FOS-174 and FOS-226. The STE50 gene, which encodes a protein of 346 amino acids, was previously implicated in the pheromone response pathway (21, 28) .
Synthetic osmosensitivity of ste50 ssk2 ssk22 triple mutants. To exclude the possibility that STE50 was merely acting as a multicopy suppressor of FOS-41 and the other two mutants, we generated a disruption mutation of STE50 in an ssk2⌬ ssk22⌬ background. The ssk2⌬ ssk22⌬ ste50⌬ strain (FP67) was as osmosensitive as FOS-41 (data not shown), indicating that it is very likely that FOS-41 is defective in the STE50 gene. However, because none of the three suspected ste50 mutants were mating defective, we used a ste50⌬ strain to reinvestigate the involvement of STE50 in the mating pathway. As shown in Table 2 , ste50⌬ cells showed only a slight decrease in mating efficiency when mated with an isogenic wild-type strain. Mating deficiency was more severe when both partners were ste50 deficient (but not as defective as the ste11 mutant). Thus, these results are consistent with the apparent mating competence of FOS-41 and the other two mutants. Furthermore, these results confirm that the role of STE50 in the mating pathway is a a Yeast strain TM252 (ssk2⌬ ssk22⌬) was mutagenized with MNNG as described in Materials and Methods. Mutagenized cells were grown on YPD plates and replica plated onto YPD-1.5 M sorbitol plates. Mutant cells that failed to grow on sorbitol-containing plates were isolated and classified into complementation groups. Mutants in the gpd1, X, and tat1 complementation groups, as well as the 41 unclassified mutants, were not defective in the hyperosmolarity-induced activation of the HOG1 MAPK and were not characterized further. modulatory one rather than essential, as previously suggested (21, 28) .
The ssk2⌬ ssk22⌬ ste50⌬ triple mutant has completely lost the capacity to activate the HOG pathway, as indicated by its inability to tyrosine phosphorylate HOG1 after osmotic stress ( Fig. 2B and C) . Transformation of the triple-mutant strain with a plasmid carrying either SSK2, SSK22, or STE50 restored HOG1 activation in response to osmotic shock, whereas expression of SHO1, STE11, PBS2, or HOG1 had no apparent effect (Fig. 2B) . Any of the three mutations, sho1⌬, ste11⌬, or ste50⌬, when combined with the ssk2⌬ ssk22⌬ double mutation, disabled the activation of HOG1 upon osmotic shock (Fig.  2C) . In a sho1⌬ ste50⌬ double mutant, in which both SSK2 and SSK22 are functional, HOG1 activation in response to osmotic shock was normal (Fig. 2C) . Similarly, sho1⌬ ste11⌬ double mutants were osmoresistant and capable of activating HOG1 (16) . These results suggest that SHO1, STE11, and STE50 are involved in the same upstream branch (the SHO1-STE11 branch) of the HOG pathway.
We then tested whether STE50 is required for STE11 to phosphorylate its substrate PBS2 (for example, STE50 might modulate STE11 affinity to PBS2). If this is the case, it would be expected that STE50 is required for PBS2 phosphorylation even by a constitutively active mutant form of STE11 (STE11⌬N). As previously observed (16) , expression of STE11⌬N resulted in PBS2-mediated tyrosine phosphorylation of HOG1 in the absence of osmotic stress (Fig. 2D) . Significantly, STE11⌬N could induce HOG1 phosphorylation in a ste50⌬ strain, indicating that STE50 is not required for the active STE11 to phosphorylate PBS2. It is therefore more likely that STE50 acts upstream of STE11.
STE50 interacts with STE11 MAPKKK but not with SHO1. STE50 has some structural similarities to the Schizosaccharomyces pombe Ste4 protein, which has also been implicated in the mating pathway. Ste4 interacts with the N-terminal noncatalytic domain of the Byr2 MAPKKK (a homolog of STE11) (3, 25) . It has also been suggested by two-hybrid analysis that STE50 interacts with STE11 (3, 28). To examine whether STE50 was able to interact with STE11 and other components in the SHO1-STE11 branch of the HOG pathway, we performed coprecipitation experiments. Yeast cells were cotransformed with a plasmid that expresses either GST-SHO1 or GST-STE11 and another plasmid that expresses HA-STE50. GST-tagged proteins were precipitated by using glutathioneSepharose beads, and HA-STE50 in precipitates was probed with an anti-HA monoclonal antibody. As shown in Fig. 3 , GST-STE11, but not GST alone or GST-SHO1, coprecipitated HA-STE50. The STE11 N-terminal noncatalytic domain alone (GST-STE11-N; amino acids 1 to 434) also coprecipitated amounts of HA-STE50 equivalent to those of the full-length STE11. The binding of STE11 to STE50 was also observed in sho1⌬ and pbs2⌬ backgrounds, indicating that neither SHO1 nor PBS2 was required as a bridge between STE11 and STE50 (data not shown). Thus, STE50 interacts with STE11, within the N-terminal regulatory domain of STE11.
STE50-N binds to STE50 binding site in the N-terminal domain of STE11.
To define the specific regions in STE50 and STE11 that are essential for their interaction, two-hybrid analyses were carried out. To map the STE50 binding site in STE11, various segments of STE11 were fused to the LexA-DNA binding domain, and their interaction with the full-length STE50 fused to the GAL4 activator domain was tested. Figure 4A shows a typical result, and Fig. 4B summarizes the results for various STE11 deletion constructs. These analyses indicated that STE11 residues 85 to 137 are sufficient for binding to STE50, consistent with the coprecipitation experiments. We thus designated this segment STE50BD.
To determine the region in STE50 that is essential for its interaction with the N-terminal domain of STE11, we fused various STE50 segments to the GAL4 activation domain and tested these constructs for interaction with the full-length STE11 fused to the LexA-DNA binding domain. As shown in Fig. 5 , an N-terminal segment of STE50 (amino acids 68 to 118) is necessary and sufficient for binding to STE11.
The conclusion from these two-hybrid analyses were confirmed by in vivo coprecipitation experiments. Yeast cells were cotransformed with a plasmid that expresses GST-STE11 or GST-STE11
⌬STE50BD and HA-STE50 or HA-STE50-N. Both HA-STE50 and HA-STE50-N bound to GST-STE11 but not to GST-STE11 ⌬STE50BD (Fig. 6) . No interaction was observed between STE50-C and GST-STE11 (data not shown). Thus, these in vivo binding assays confirmed the conclusion of the two-hybrid analyses.
STE50 binding is essential for STE11 activation by osmotic stress. We examine whether STE50 binding to STE11 is necessary for its activation of the HOG pathway under osmotic stresses. For this purpose, we compared wild-type STE11 and the STE11 ⌬STE50BD mutant allele for the ability to complement the osmosensitivity of the ssk2⌬ ssk22⌬ ste11⌬ strain (FP75). As shown in Fig. 7A , wild-type STE11 restored growth FIG. 3 . In vivo binding of STE50 to STE11. Wild-type yeast strain TM141 was cotransformed with a plasmid expressing GST, GST-STE11, GST-STE11-N, or GST-SHO1 and another plasmid expressing HA-STE50. GST proteins were precipitated by using glutathione-Sepharose beads, and the presence of HA-STE50 in precipitates was probed by immunoblotting with anti-HA monoclonal antibody 12CA5 (upper panel). GST fusion proteins in the precipitates were detected by an anti-GST antibody (lower panel). DSTE50BD mutant is also mating deficient (data not shown). This appears to be, at least partly, due to a partial overlap between the STE50 and STE5 binding domains in STE11 (18) .
We then tested if occupancy of the STE50BD in STE11 was sufficient to allow activation of STE11 under osmotic stress. For this purpose, we examined whether expression of STE50-N, which spans the STE11 binding site, could suppress the osmosensitivity of the ssk2⌬ ssk22⌬ ste50⌬ strain (FP67). As shown in Fig. 7B , expression of neither STE50-N nor STE50-C alone was able to complement the ste50⌬ deficiency. Thus, even though the N terminus of STE50 is sufficient for binding to STE11 (Fig. 5 and 6) , it is not enough to activate STE11 under osmotic stress.
STE50 is constitutively associated with STE11. A molecular mechanism to activate MAPKKKs is binding of upstream regulators to N-terminal regulatory regions in MAPKKKs. For example, binding of the SSK1 response regulator to SSK2 MAPKKK induces its kinase activity (17) . Thus, a possible role of STE50 is to bind and activate STE11 upon osmotic shock. If this hypothesis is correct, the binding of STE50 to STE11 probably depends on extracellular osmotic conditions. To test this possibility, yeast cells were cotransformed with expression plasmids for GST-STE50 (or GST alone) and HA-STE11. Cells were untreated or treated with a brief osmotic shock before lysis, and the presence of HA-STE11 in the GST-STE50 precipitate was probed. As shown in Fig. 8A , HA-STE11 was precipitated with STE50 equally well when the cells were treated with osmotic shock and when they were not. The same results were obtained when the order of precipitation was reversed, using GST-STE11 and HA-STE50 (data not shown).
The above experiments were performed with the strong GAL1 ⌬STE50BD (deletion mutant lacking amino acids 74 to 152) and another plasmid expressing HA-STE50 or HA-STE50-N. GST proteins were precipitated by using glutathione-Sepharose beads, and HA-STE50 in precipitates (lanes 1 to 3) or HA-STE50-N (lanes 4 and 5) was probed by immunoblotting with anti-HA monoclonal antibody 12CA5 (upper panel). An antibody against GST was used to detect the GST fusion proteins (lower panel). The GST band in lane 1 is not shown to save space (see Fig. 3 ).
promoter. Because the amounts of STE11 and STE50 proteins in those experiments are much higher than under physiological conditions, we repeated the STE11-STE50 binding test in an assay using a centromeric (low-copy-number) plasmid vector and the native promoters of STE11 and STE50. STE11 was fused to GFP (STE11-GFP), and STE50 was fused to a Myc 3 tag (STE50-Myc). Both STE11-GFP and STE50-Myc were functional, because their expression complemented the osmosensitive defects of ste11⌬ and ste50⌬ mutations, respectively (in the ssk2⌬ ssk22⌬ background). Yeast cells were cotransformed with STE50-Myc together with STE11-GFP, and cells were subjected to a brief osmotic shock. STE11-GFP was precipitated with an anti-GFP antibody, and the presence of STE50-Myc in precipitates was detected with an anti-Myc monoclonal antibody. Although the levels of protein expression were much lower than in previous experiments, STE11-STE50 interaction was still evident. More important, the level of STE11-STE50 binding was not affected by osmotic shock (Fig. 8B) . Thus, our results are consistent with a constitutive association between STE11 and STE50.
Another possible mechanism for MAPKKK activation is signal-induced dimerization of the kinase; for example, induced dimerization of the Raf MAPKKK leads to its activation (7, 12) . If STE50 homodimerizes, as previously suggested by a two-hybrid analysis (3), it might mediate STE11 activation, for example, through autophosphorylation. Initially, we tried to demonstrate STE50 dimerization by two-hybrid analysis using pLexA-STE50 and pACT-STE50 constructs. However, because pLexA-STE50 gave a very strong signal by itself, it was not possible to demonstrate specific interaction between the two STE50 constructs (in contrast, the pACT-STE50 constructs used for Fig. 4 and 5 had very low background signals). To test STE50 dimerization more directly, coprecipitation analysis was performed. Yeast cells were cotransfected with expression plasmids for HA-STE50 and GST-STE50 and treated with a brief osmotic shock before cell lysis. The presence of HA-STE50 in the GST-STE50 precipitate was then probed. As shown in Fig. 8C , however, no coprecipitation of HA-STE50 and GST-STE50 was observed, whether cells were treated with a brief osmotic shock or not. Thus, we did not obtain evidence to support dimerization of STE50.
Localization of STE11 and STE50 before and after osmotic stress. If STE11 and STE50 are constitutively bound, they are expected to be localized similarly within cells. To test the localization of STE11 and STE50, we fused these proteins to GFP and expressed them from their own promoters, so that they were expressed at physiological levels. Both STE11-GFP and STE50-GFP were functional, as indicated by complementation analysis. Under normal conditions (without osmotic stress), both STE11-GFP and STE50-GFP were found diffused throughout the cytoplasm but excluded from nuclei and vacuoles (Fig. 9) . When cells were exposed to osmotic stress for 5 min, both proteins rearranged to a punctuate pattern. The expression level and localization of STE11-GFP are indistinguishable between wild-type and ste50 mutant cells (data not shown). As a control to show that these changes are not observed with other proteins, we examined the localization of the HOG1-GFP fusion protein. Before osmotic shock, HOG1- FIG. 9 . Similar intracellular localization patterns of STE50 and STE11. Distributions of STE11-GFP, STE50-GFP, and HOG1-GFP fusion proteins were analyzed by direct fluorescence microscopy. The GFP fusion proteins were expressed under their own promoters in single-copy plasmids. The host cells contain the respective null mutations (ste11⌬, ste50⌬, and hog1⌬) to minimize any dose effect. Pictures were taken before (Ϫ) or 5 min after (ϩ) the addition of NaCl to a final concentration of 0.4 M. Nuclear staining by DAPI (4Ј,6-diamidino-2-phenylindole) showed that both STE11-GFP and STE50-GFP are excluded from nuclei (not shown). They are also excluded from vacuoles, as indicated by Nomarski microscopy.
GFP was evenly distributed in both cytoplasm and nucleus (Fig. 9) . Upon osmotic shock, HOG1-GFP translocated from the cytoplasm to the nucleus within 5 min. (HOG1 nuclear localization will be described fully elsewhere [8] .) Therefore, these data also support the notion that STE50 and STE11 are constitutively bound to each other.
DISCUSSION
The HOG1 MAP kinase cascade can be activated under osmotic stress by two different and independent upstream mechanisms; a two-component osmosensor (SLN1-YPD1-SSK1) activates the SSK2/SSK22 MAPKKKs, and the transmembrane protein SHO1 mediates activation of the STE11 MAPKKK. The three MAPKKKs (SSK2, SSK22, and STE11) can in turn independently activate the PBS2 MAPKK, the activator of the HOG1 MAPK. While the framework of the HOG1 pathway is now established, there are many mechanistic questions that remained unanswered, including how the transmembrane protein SHO1 activates STE11 MAPKKK. Previously we demonstrated that SHO1 binds directly to the PBS2 MAPKK (13) and that PBS2 also interacts with STE11 (16). However, because SHO1 does not interact directly with STE11 (16), it is difficult to imagine how the activation of STE11 is mediated by SHO1 alone. From these considerations, we suspected that an additional element or elements are required for the osmostress-induced activation of the STE11 MAPKKK. In this report, we described a genetic screening by which we identified STE50 as one such element. This genetic screening was quite exhaustive, since mutants in each complementation group were identified multiple times.
The results of this study demonstrate that STE50 is absolutely required for signal transduction in the SHO1-STE11 branch of the HOG pathway. We also demonstrated that STE50 binds to a specific binding site in the N terminus of STE11. The STE50-STE11 interaction is constitutive and is not affected by environmental osmotic conditions. It seems, therefore, as if STE50 is an integral and essential subunit of the STE11 kinase.
Previously, it was reported that overexpression of STE50 makes cells more sensitive to the presence of mating pheromone, while deletion of STE50 reduced slightly mating efficiency (21, 28) . In our strain background also, ste50 mutations had a minimal effect on mating efficiency (Table 2) . Therefore, STE50 seems to have only an accessory role, rather than an essential function, in pheromone signal transduction. The difference in levels of significance of STE50 in the two pathways is best illustrated by the different effects of ste11⌬ and ste50⌬ mutations in these pathways. Disruption of STE11 completely abolishes signaling through both mating and osmosensing pathways, whereas STE50 disruption has a significant effect only in the osmosensing pathway. This difference could be explained by several possible mechanisms. First, STE50 may have two different functions which are specific to each pathway. Alternatively, STE11 may be activated by several different mechanisms in the mating pathway, STE50 being only one of them. This would be consistent with the observation that deletion of STE50 results in only a minor effect on the mating pathway. In contrast, activation of STE11 by osmotic stress may be completely dependent on a mechanism that involves STE50. Finally, it is also possible that the mating and the osmosensing pathway require different levels of the STE11 activity.
The binding of STE50 to STE11 is essential for the activation of STE11 by osmotic stress. It is unlikely, however, that STE50 binding alone activates STE11, because STE50 is constitutively bound to STE11, regardless of the environmental osmotic conditions. It is more likely that the STE50-STE11 interaction is a prerequisite for STE11 to receive an upstream activating signal. STE50-N can bind STE11 but cannot complement the ste50⌬ defect, indicating that STE50-C also has an important functional role. One possible role for the C-terminal region is to mediate STE50-STE50 dimerization and thus to indirectly promote STE11 dimerization. However, results of the coprecipitation experiment presented in this report do not support this hypothesis. Another possibility is that STE50-C mediates binding of STE11 to another upstream element that is directly responsible for the activation of STE11 activity. Our failure to identify mutants of such upstream elements suggests either that there is redundancy at that level or that such elements are essential. Attempts to identify STE50 interactors by two-hybrid screening have so far been unsuccessful. It is possible that the interaction of STE50 with the hypothetical upstream element occurs only after osmotic shock.
Comparison of the S. pombe Ste4 protein with STE50 gives some support to the latter model. Ste4 seems to serve a role similar to that of STE50 in signal transduction. Ste4 binds to the Byr2 MAPKKK, which is a homolog of STE11 and is involved in the signaling pathway for the mating pheromone or nitrogen starvation. The Ste4 binding domain (Ste4BD) in Byr2 and the Byr2 binding domain (Byr2BD) in Ste4 are both in their N-terminal regions (Fig. 10) . Thus, the locations of the interaction domains are very similar to those of STE50-STE11 interaction. A further similarity of the Ste4-Byr2 interaction to the STE50-STE11 interaction is that the Ste4-Byr2 association is constitutive regardless of the presence or absence of mating pheromone or nitrogen starvation (25) . Interestingly, however, there are no significant sequence similarities either between STE50BD and Ste4BD or between STE11BD and Byr2 BD: the sequence similarities between Ste4 and STE50 are limited to their C-terminal regions. In other words, their specificities but not the primary sequences, are similar. In contrast, the fact that the C termini of STE50 and Ste4 have some sequence identity (32% identity in a stretch of 59 amino acids) suggests that they may serve as interaction sites for a hypothetical upstream molecule. 
